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ABSTRACT 
The adhesion of low-density polyethylene and cathodically 
chromated copper bonded by a hot-melt process was investigated by 
analysis of 
(1) the dependence of adhesive.bond strength .on ·bonding 
temperature, 
' ,,. (2) the oxidation kinetics of low-density polyethylene, and 
(3) the nature of the chromated copper surface. 
Polyethylene film was bonded between pieces of copper foil; the 
strength of the resulting bond was determined by 180° peeling of 
the foil from the polymer. It was found that the bond strength 
between polyethylene and chromated copper could be increased by 
the removal· of adsorbed water from the chromated copper surface 
by dessicator or oven treatment. It was also found that-bonding 
the foil above 300°C resulted in decreased bond strength. 
A model was proposed for the temperature dependence of the 
bond strength, based on interfacial oxidation of the polyethylene. 
" Fitting this model to the experimental data resulted in a 14.0 
kcal/mole activation energy for adhesion. This value was signif-
icantly lower than the 38.0 and 41.0 kcal/mole activation energies 
for the oxidation of low-density polyethylene in oxygen and air, 
respectively, as de_termined by differential scanning calorimetry. 
It was concluded that the activation energy for ~dhesion~(and thus 
for interfacial oxidation of the polymer) was decreased by the 
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catalytic action of the chromated copper surface and small 
amounts of residual material' from the foil treatment process. <' \', 
• 
The chromated copper-foil surface was investigated by· 
Auger Electron Spectroscopy~ The presence of copper peaks in 
' 
. 
the Auger spectra indicated (l) that th.e chromate film was not 
. conti.nuou,s, or (2) that copper was .structurally present in the 
film. It was also found that heatjng the film near 300°C 
resulted in i·ts partial .removal, explaining. the decrease in _bond 
,, 
strength above 300°C. 
It is suggested that the cathodic chromate process deposits 
a unimolecular layer of chromium hydroxide of unspecified degree 
of hydration, of which changes in the porosity and specific 
surface d·uring dehydration could account for the apparent discon-
tinuity of the film. 
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INTI~ODUC~rr ON 
rf}1is tJ·1esis is an, ctt.tcmpt to cJ1a1~acterize tl1e l1ot-melt 
· acll1esive l)o11d fo1med bet,veen 101-v-density polyetJ1ylene and 
catl1oclically ch.rornated cop1;er by analysis of 
(1) tl1e de1)e_11.dence of .adhesive bond strengtl1 on 
bonding tc~J1rf)erature, 
(2) the oxidation l(inetics of lo1-v-de1:si ty polyethylene, and 
(3) the nature of tl1e cl1romated copper surface. 
Tl1e effects of n1odifying the polyeth)"lene and chromated copper 
surfaces prior· to bonding are also co11sidered. The strength and 
durability of tI1is bond is of particular interest in the manu-
facture of milli1neter w·aveguide as a long-d.istance, high-capacity 
transmission mediwn. 
i1illimeter \Vaveguide 
Two types of waveguide are considered: dielectric waveguide1 
and helix waveguide2. Helix waveguide is inserted at intervals in 
the dielectric \vaveguide transmission line to ftmction as a mode 
' 2 filter. Infonnation is transmitted in the TE01 mode at frequencies 
in the range 40-llOGHz. 3 
Dielectric waveguides consist of 60mm irm.er diameter precision 
steel tul)es, copper plated on tl1e inside to con£ ine electron1agnetic 
energy. A thin, unifonn dielectric coating is applied to the irm.er 
3 
" . 
•·· >: .:::.:): ·:?··:·,; .. ·,.·'.'·}\ .. '· .. ' 
• 
.. 
,, 
.. .I 
wall of the waveguide to reduce mode conversion from the TE01 
, wave to the TM11 wave, which occurs in a waveguide with axial 
curvature. 1. Low-density polyethylene is used as the dielectric 
liner because it has an extremely low loss tangent {~10-4) 
in the operating frequency range. 4 Since polyethylene and 
. copper do not form a strong, durable hot-melt adhesive bond5, 
the plated interior of the waveguide requires surface treatment 
prior to bonding. Figure l shows a cross section of dielectri·c 
w~veguide. 
Copper Surface Treatments 
• 
Baker and Spencer6 showed that polyethylene forms a strong 
hot-melt bond to copper. that h·as bJ;en chemically oxidized with 
. .~~ 
* Ebonol C. They attributed the increased bond strength to the 
high-temperature oxidation of the polyethylene in contact with 
cupric oxide, resulting in the formation of polar groups which 
interact with the oxide surface. There is also evidence to 
indicate that the porous, needle-like cupric oxide surface may 
contribute a significant amount of mechanical 11 hooking 11 to the 
total bond strength. 7 An equally bondable copper surface may be 
achieved by electrochemical oxidation in NaOH electrolyte. 8 
Figure 2 shows a scanning electron micrograph of the cupric oxide 
* .. structure typically formed by both Ebonol· C and electrochemical 
' 
* A proprietary oxidizer manufactured by Enthon·e, Inc., 
New Haven, Conn. , 
4· 
·,.· i 
·•',: 
.:. . 
•,t/.: 
./.· 
' 
... 
., .. 
r 
• I 
! 
,, 
,· 
. I 
l 
: I 
; 
. 
,;. 
.. 
' . 1 
' 
; 
' [; l . 
' 
. ' 
. . . 
• 
STEEL:./ 
. . 
• 
CO-PPER 
'-SURFAC·E 
TREATMENT 
FIGURE I 
CROSS SECTION OF 
DIELECTRIC WAVEGUIDE 
5 . 
,. 
. ...,. ... • ,.--~>--·. .. .. . ' 
. .. .. .. t'" •• •. .--. , . ._ . --.- ·-· ....... ,.,., _____ ".' __ ., .. ,, r-. ·- ~·,--:-;-.-.:,.•, - .. ' ~.-. ·~ -~ .. _ . .....,.  ..,..- .- .... -,, ... ·- ' .. ~-· ..... ,, . ·-· -. •, ~_ ............ , . .-.-.- .. ~--'.'."' 
\ 
f 
l I 
. 
i, 
~ .. 
;_ . 
. ·-.s: 
''1 
ft 
; 
. '-s· 
.. t 
< 
'f;; 
. ';. I 
.. 1 . .: 
,,/, . 
. :\ 
·,'-:..:. 
• 
,1 
·~-... 
' 
• 
J 
., 
• 
• 
'._ 
. -
.. 
.,. 
,1 
,- -
. -
• 
.• 
\. 
. ·.. 
FIGURE 2 
CUPRIC OXIDE ON 
(4400X) 
.• 
.... 
... 
.. 
'· 
COPPER 
~·· 
0 
;. 
• 
.... 
• 
',"(·· 
·• . 
• 
. . 
. ' 
• 
.,, . 
,·-,.:· 
···j .. \ 
."".'" 
• 
...... 
• 
' 
,. 
~· 
. . 
' .... l .. I ¥ri ,-. ~ ·· ·"\~::,::_,;_;;;~ .. ,: ,1,•,:'.,i'..;;·,_·:· •. , •.. _'._.. .. ,-.,~,,··~,., ,.~ ,. ,, ' .· •.. ~-. '. ".'. ··--, .::~.... , .... ~., .. ~~," •. ~ .. · ... -,.' . .', .. ,,, 
' 
' .,., ,r:; . .'/ ...... '•\ 
\ 
. . 
methods. The main disadvantage. of these treatments for waveguide 
application is the roughening .of th~ copper at th~ copper-copper 
oxide interface which may contribute to electrical losses. 9,lO 
Haynes and Ramachandran11 demonstrated that if sufficiently 
• 
high bonding temperatures are used, polyethylene adheres well·to 
copper that has been given the cathodic chromate treatm-ent of 
V.azi ranL 12 By 180° peeling of the polymer from the meta 1 , they 
found an approximately linear increase of bond strength with 
bonding temperature in the range 260-290°C. 
A description of the cathodic chromate treatment is given in 
Appendix I. According to Vazirani, 12 this process deposits a 
continuous, corrosion resistant layer of chromium oxide. Using a 
, 
scanning electron microscope at 30,000X, he found no visible 
~ . 
difference between treated and untreated copper. He concluded from 
X-ray flourescence and atomic absorption analysis that the film was 
0 
approximately 25 A thick. No subsequent investigations of the. 
composition and morphology of the chromated copper surface have 
'.' 
been published, however, there is evidence13 ,14 that the cathodic 
chromate process actually depo~its a thin layer of chromium 
hydroxide. Cohen13 proposed a mechanism for the fonnation of a 
chromium hydroxide film based on the reduction of hexavalent 
chromium to the trivalent state followed by combination with· 
hydroxyl ions to precipitate Cr(OH)3• Kolthoff and Shams El 
Din14 studied the reduction of hexavalent chromium to the t~ivalent 
. state under low acidity conditions at a -platinu~ electrode and 
7 
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1. 
found that.a ·self-li.miting, ·passivating, un:imolecular· layer .of 
" 
chromic hydroxide was deposited at the cathod·e. It. is not unrea-
'.• ,, 
sonable to assume that· the same or a similar reaction· occurs 
during the chromate process of Vazirani •. 
0 
Polye.thylene Adhesion 
Ther.e is much evidence to indicate that interfacial oxidation 
of the polymer plays a significant role in the formation of a 
., 
· strong adhesive bond between polyethylene and a high energy sub-
strate.· Arbit et a1 15 studied polyethylene extrusion coatings on 
aluminum foil and concluded that the adhesion of polyethylene to 
smooth substrates is primarily dependent on the degree of oxidation 
, 
of the polymer. They found that only ·very weak bonds were formed 
when oxidation was inhibited by hot~melt bonding in the absence 
of oxygen. They attributed the improvement in adhesion with 
oxidation to the presence of carbonyl (C=O) groups which impart 
n 
polarity to the polymer structure and increase adhesi·ve interaction. • 
Bockhoff et a1 16 concluded that controlled oxidation affects 
both the adhesive and cohesive properties of the polyet·hylene. 
They found that limi,ted oxidation, accompanied by cross-linking, 
" 
can increase the tensile bond strength of polyethylene to stain-
less steel above the tensile strength of the unoxidized polymer,, 
but that excessive oxidation lowers the tensile strength. 
Bright and Malpass17 studied the adhesion of polyethylene to 
metallic substrates and concluded that strong bonds are obtained 
., .. 
8 
,. 
. -
• 
. " 
' 
\ .. 
,. . 
only 1n the presence of· interfacial oxidation. They found.that 
.the adhesion between polye.thylen~ and. steel is· reduced consid-
erably by exposure to water vapor, but that the process can be 
reversed by drying out. (Table I) They attributed this behavior 
to the .adhesion of polyethylene to a highly condensed adsorbed 
water layerassociated with highly polar surfaces. 18 It was found 
t·hat repeated hig·h humid·ity-low· humid·ity. cyc.lin·g e·v·ent·aally results 
. \ 
in an inability to regain the original bong.strength, an effect 
they attributed to decreasing molecular alignment at the interface. 
Further consideration will be given tQ this effect in the Discussion 
of Results. 
.. 
Kalnin' and.associates suggest that the thennal oxidation of 
polyethylene may be cat.alyzed by the surface_of a metallic sub-
strate.19 BY thermal analysis of the polyethylene-iron system, they 
found evidence of a very firm adsorptive or chemisorptive polymer-
metal reaction. In a separate investigation20 they developed an 
expression for the rate of adhesive bond fonnati~n based on the 
assumption that the resistance to peeling P, after a time of contact 
tat a given temperature, is ptop~rtional to the number of adsorptive 
. 
bonds that have been formed between the molecules of the polymer and 
the substrate. The overall rate of the adhesive bond formation 
process is described as nth order, and proportional to the number 
of functional groups on the surface of- the polymer and subs.trate 
that have not reacted in time t: 
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-·rable I. Effects of humidity conditioning on the adhesion of 
oxidized polyethylene to steel. (After Bright and Malpass17) 
Conditioning 
7-days at 0% R. H. 
7 days at 65% R. H. 
7 days at l 00% R. t-1. 
11 days at 0% R.H. 
11 days at 100% R. H~ 
11 days at 100% R.H. followe,d by 
11 days at 0% R.H. 
-~: 
.o: 
10 
I 
.' 
Peel Strength, Kg/cm 
4.5 
4.6 
2.5 
4.3 
· 0.8 
4.7 
I 
·•. 
.\".:. . 
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.. ' . 
. ' 
"''· 
~-
0 
. .. - .... 
,-.:, 
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.. 
.. 
, 
. . 
. ' 
. 
where K is the rate constarit and Pmax is the bond strength 
corresponding to the maximu~ number of polym~r-substrate bonds. 20 
Both the rate constant Kand the peel strength Pare functions of 
temperature. Pmax is assumed to be a constant. 
u..:: 
With further investigation they found that more extensive 
~ 
. 
surface oxidati"on, accompanied by polymer degradation -and evolutiQn . 
· of -v-olatile prod·ucts, reduc-es t·he c-ohesi,ve strength .of -the surface· 
layer, greatly reducing the bond strength. 
Bolger has catagorized the many possible reactions between 
polar organic compounds and metal oxide surfaces into four gen~ral 
types:21,~2 
Type A-1. Dipole interaction with an organic acid: 
Type A-2. 
"' 
~ 
-MOH+ HXR ~~-~ -MO•••HXR 
Ionic interaction with an organic acid: 
Type 8-1. Dipole interaction with an organic base: 
-MOH+ XR ___ ..,., -MOH~••XR 
• 
Type 8-2. Ionic interac·tion with an organic base: 
-MOH + XR - .... > -MOXR 
where the dots represent hydrogen bonds. Xis an oxygen or 
nitr6gen atom, or in equation 4, a chlorine atom. The prob-
11 · 
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ab;11ty for !!ach of these reactions is a ·function of ·the- difference 
,, . -
between the isoelectric point of the solid surface (IEPS} and the 
.. 
ionization constant (pKA) of the organic acid or base. 21 For a 
. . 
type A interaction, where the organic compound is the proton donor: 
" 
4A = IEPS - pKA(organic acid) 
For a type B i·nteraction, wh·e·re the O'rgani·c c·ompound is the p·ro·ton 
~cceptor: 
•. 
., 
(,6) . 
. . . 
A8 = pKA{organic base)~ IEPS (7) 
. , 
The dominant mode of interaction is given by the larger numerical 
value of~. A very negativ~ ~ value for a mode indicates little 
t .b t· 22 con r1 u 10n. 
Non-poJar polyethylene can be regarded as both a very weak 
acid (pKA is large and positive) or a very weak base (pKA is large 
-and negative). The isoelectric points of hydrous chromium oxide 
· and hydrous cupric oxide are 7 and 9.5, respectively. 23 For these 
two surfaces, non-polar polyethylene gives large negative values 
·-
for both AA and A8, indicating that dispersion forces should be the 
only attractive forces accross such interfaces. 22 Increasing the 
polarity of the polyethylene by interfacial oxidation modifies the 
ionization constant of the polymer and increases the probability 
for the interactions listed in equations 2-5. 22 
Other investigators have proposed the weak boun-dary · 1~yer 
theory to explain the normally poor adhesive properties of poly-
'" 
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ethylene. Bikennan24 has shown that the strength of hot-melt· 
polyethylene joints is .improved by removing low molecular ~eight 
species from polyethylene by fractional precipitation. He 
~·~· 
attributes this behavior to tie removal of substances capable of 
producing a weak boundary 1 ayer on the polymer surface. It has 
been shown that low molecular .we.tght sp·ecies ex.u·de to the 'S_urface 
of polyethylene during soli.dification fr:om the melt. 25 ,26 If 
present at an adhesive interface, such a layer is -a probable - ' 
site for cohesive failure. • 
Several trea·tments have been devised to improve the adhesive 
properties of the polyethylene surface. These may be divided into. 
two catagories: (1) treatments that impart polarity and increase 
the wettability of the polymer surface and (2) treatments that 
increase the cohesive strength of the surface layer by cross-
linking. Some treatments combine both effects; each treatment 
must overcome the weak boundary layer to be effective. Corona 
discharge treatment forms short lived electrets within the polymer 
surface, improving the wettabi l i ty and auto hes ion of the poly-
ethylene. 27 ,28 Flame treatment29 ,3o and chromic acid treat- · · 
ment 29,3o,3l oxidize the polymer surface, imparting polarity. 
and increasing wettability. Antnonium pers~lfate treatment32 imparts 
a small amount of polarity to 'the surface, but the main contribution 
is the same as that of organic peroxide treatment29; cross-linking 
resulting in improved cohesive strength in the surface region. 
y-irradiation in air results in improved bondability, whereas 
. \ ' 
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irradiation in nitrogen has little effect. This indicates that 
· the improvement is largely due to oxidation, though little increase 
\ 
in wettability occurs. 29 . Electron BOmbardment,33 CASING (Cross-
linking by Activated Species of Inert Gases),34 ,36 and glow 
discharge treatment37 result in improved ~ohesive strength in the 
surfac~ region due to cross-linking. 
Acco.,r.d i n.g to .Schonho,rn , the .ahov,e .ox :id.at i .on tr.eatme,nts as we 11 
as the cross-linking treatments must remove the weak bound·ary layer 
from polyethylene, for- if surface oxidation ~lone occurred, without 
-~ 
removal of the region of low cohesive strength, only weak adhesive 
joints would be fonned. 34 Sykes and Hoar31 disagree with this. 
·rhey proposed that the function of polar groups introduced by 
oxidation is to nullify the effect of the weak.boundary layer by 
acting as links across it, between the substr'ate and the polymer 
matrix. In their model, shown in Figure 3, the links are high 
molecular weight chains with carbonyl groups that chemisorb on to 
the metal. This model is experimentally supported by the resu·l ts 
of Brewis29 , who deliberately placed a region of low strength 
(petroleum jelly) on chromic acid treated polyethylene prior to the 
fonnation of an aluminum-epoxy-polyethylene-epoxy-aluminum composite 
1 lap joint. Despite the fact that the layer was probably thicker 
than a normal weak boundary layer, relatively high bond strength was 
still obtained, though some reduction in bond strength did occur. 
(Tab.le II) 
1n·sunmary, it may be concluded that the interfacial oxidation 
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Table II. The effect of adding petroleum jelly to chromic 
acid treated polyethyl.ene on the adhesion of polyethylene to 
an epoxy resin. (After Brewis29) 
Conditions of Treatment 
No treatment 
• 
Polyethylene treated with 
chromic acid according to 
ASTM Designation· D2093-62T, 
then dried at 60°C for one 
\., 
·hour under vacuum. 
As above, then a layer of 
petroleum jelly (~2 X 104 A) 
was spread on the polyethylene. 
. 16 
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Lap. 
Shear 
Strength 
~ (Kg/cm2) 
18. 3 
176. l 
126.8 
... 
Advancing 
Contact 
Angle 
98 
75 
96 
. " 
. . 
.. 
;. 
';,. ·:_. 
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J 
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I 
.. 
. 
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. . . . 
of polyethylene can sig.ni.fica·ntly affect its adhesive bond ·; ·,., ... 
· strength to hi,gh energy substrat~s. It has not ·yet been· com-. 
pletely resolved whether the predomi.nant· effect is an improvement 
in the adsorptive properties of the polyethylene molecules, an 
increase· in the cohesi~e strength of the surface region. or a 
J 
combi\nati on of both • 
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:,. 'EXPERI1.1ENf AL WORK 
... 
The experimen.ts of this ; inv.es·.t.igirt.ion can be . divided into 
. , 
three topics: 
... 
' . 
.. 
1. Chromated copper·· stir-face .analysii$·.~ 
,. 
2. Polyethylene oxidat·t·Qti: lcin.etic-s .: 
. ' 
. . . 
, 3. .Bonding studies .. 
. '/ 
~ / 
c<.1 
. ,. 
TI1e details qf eacl1 wi·11 ·oe -di·scus .. sed ·fc>:l·lowing; a :description of 
the mate.rials used..· .• 
Polyethylene 
The low--.den:sity :po:1y:etl1y.1.ene used in this investigation was 
.... 
.., 
Union Carbide. :J)FDA-:OI:66·.. Spe-.c:i.al: ·care is taken in the manufacturing 
process to minimize residual catalyst and b.-ther impurities. The 
only additive is an antioxidant, Ethyl 330* (1,3,5-trimethyl-2,4, 
6-tris~3,5-di-tert-butyl-4-hydroxybenzyl benzene). The antioxidant 
concentration, as detennined by oxygen induction tinie.,38 , 39 is 
0.034% by \veight-in the pellet fonn and 0.027% in t·he extruded 
film. Shown· in. TabJ~e III .i.s a stnn111ary of tl).e. :phy.s.i.cal data for 
DFDA~0166. 4 
Bright and Malpass17 concJuded that the presence · of anti-
oxidant above a certain critical concentration prevents stro11g 
_*Ethyl Corporation, Industrial Chemicals Division, 
Baton Rouge, La. 
·1s 
• 
. . 
! 
' 
:- ' 
• 
1: \. \·,· ,,·, .·,, ·~a.' ;-;,1, 1 • 
.. . ·~· 
. ,-·-
"'· . 
.... 
Table III. Physical data for polyethylene DFDA-0166. 
Pro.party 
·_Weight-average molecular weight 
Number-average mo]ecular wei'ght· 
Polydispersity index 
Mz 
Melt index 
Density, gm/cm3 
~1e l t poi n t, ° C 
. ,.,. 
,, 
'Q 
" 
.-..:. 
19 
... 
, . r,. 
Val!Je 
390,000_ 
50,000 
7.8 
3,000,000 
0.20 
0.918 
112 
.· '· 1.:,. 
, ' • ~J 
.!,, 
.". 
,.•- "' 
.. 
• 
' 
" 
' 
,' 
·"·· 
, · 
' 
' hot-melt bonding of po.lyethylene to high energy substrates by 
inhibtting oxidation., To minimize this effect, the polyethyle·ne 
film was soaked in spectrophotometric grade toluene for 24 hours. 
-This reduced the antioxidant concentration as determine.d by oxygen 
induction time to approximately 0.001%. This val.ue is approxi·mate 
because of the inability of the measurement technique to accurately 
re.solve extremely low concentrations. Prior· to hot-melt bonding, 
.the polyethylene surface was swabbed with acetone then dried in air • 
. This was done to remove any loose surface impurities .. 
Copper Foil 
As received from the supplier t the . 051nm thick oxygen-free 
high conductivity copper foil had ·a passivating layer, probably a 
chemical -chromate or benzotriazole treatmen-t. · Based on a suggestion 
by Dr. H. Leidheiser, Jr., the passivating layer was removed by 
oxidation of the copper surface in air at 300°C. The oxide layer 
was then removed by immersion in 50% aqueous HCl, followed by a two 
minute etch in a 20% aqueous solution of ammoni_um persulfate.· · The 
arithmetic average surface roughness of the foil following this etch 
was measured to be 5000 microns. This roughness is comparable to the 
roughness of the plated interior surface of a waveguide. 4° Figure 4 
shows a scanning electron micrograph of the etched copper surface. 
Chromated Copper.Surface Analysis 
The composition of the chromated foil surface was investigated 
.by Auger Electron SpectrOscopy. 41 -43 Figure 5 shows the Auger 
' ' I , ,, , 
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spectrum of the etched copper foi.1. Figure 6 shows the Auger 
' spectrum of the chromated foil. The etched copper s.pectrum shows 
the expected copper and oxygen peaks, a carbon peak primarily due 
to surface cont·ami nation, and very· sma 11 peaks i ndi cati ng ca 1 ci um, 
ch-lorine, nitrogen, and sulfur. The chromated foil spectrum simi-
la_rly shows copper and oxygen peaks, a _chromium peak, a carbon pea·k, 
a slight·ly larger c-alcium pe-ak, and -ve-ry small pea~s of. -chlo-ri-ne, 
nitrogen and sulfur. 
To detenni ne the effect of increased temperatu·re · on the chrom-
ated surface, the chromated foil was heated by electron bombardment 
to ·a temperature estimated to be near 300°C. The Auger spectrum of 
this surface (Figure 7) shows that with the exception of the copper 
and sulfur peaks, all peaks have decreased in size, indicating 
. 
partial removal of the chromate layer. 
Oxidation K.ine~ics of Polyethylene 
Polyethylene oxidizes by a free radical mechanism: 44 ,45 
I ·t· t· RH activated- R· + H·· n1 1 a 1 on: 
Propagation: R· + o2 
(8) 
(9) 
(10) 
The initial radical may be activated by exposure to heat or other 1 
form of energy. 46 If an antioxidant AH- is present, it rapidly 
reacts with the peroxide radical in equation 9, preventing the 
peroxide radical from causi.ng the hydrogen abstracti.on in equati.on 10. 
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(ll) 
The anti ox; dant radi ca 1 A may then combine with" a free radical -R , 
R• + A• _._,.. RA (12) ,, · 
. Reactions 11 and 12 illustrate how an antioxidant may inhir:bi,t 
autoxidation. 45 , 46 Bright and Malpass17 concluded that the presence 
~-. ' .. 
of antioxidant above a certain critical concentration will prevent 
strong hot-melt bonding of· polyethylene to high energy substrates by 
. " 
inhibiting oxidation. 
In this investigation, the oxidation kinetics of antioxidant-
free polyethylene were studied by differenti-al scanning calorimetr·y 
on a DuPont model 900 c:Pifferen,tial thermal analyzer. The polyeth-
ylene samples were disks of • l8mm thick film,. averaging 0.5cm in 
diameter and 4.1mg in mass ... The aluminum sample and reference pans 
each had a mass of 14.0mg. The sa111ple chamber, approximately 2.0ml 
in volume, was purged with helium at 200 cc/min (at atmospheric 
pressure) for 10 minutes. The cell temperature was then increas·ed , 
-- / 
-
at a rate of 40 °C/min until the test temperature was reached. The 
cell was isothennally-~d at the test temperature as the purging 
gas was switched from helium to oxygen __ at the same pressure and fl ow 
rate. With no (or very little) antioxidant present, the polyethylene 
quickly began to.oxidize. The resulting tempifature difference 
between the sample and reference pans was recorded as a function of. -
time. Figure 8 shows a· typical polyethylene oxidation curve. 
The slope of the oxidat.ion curve at t_he inflection ·point was 
26 
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assumed to be related to the oxidation rate. 47 Slopes were ·· · 
.. 
. I 
. measured for test temperature-s in the range 166-273°C •. The·· 
experiment was repeated wito th~ oxygen replaced by air. Figure 9 
1 s an Arr.heni us plot of the logarithm of the slope as a function of 
·the reciprocal of absolute test temperature for both test atmos-
pheres. The resulting curves of the slope ·S in °C/min can be 
represent·ed as 
S = S0 exp(-Q/RT). 
In Table IV are listed the values for S0 and the activation energy 
Q as detennined by linear regression analysis. 
Bonding Studies 
Figure 10 shows the dimensions and orientation of the foil-
polyethylene-foil la~inates bonded in this investigation. The 
heating and cooling _rates for a typical bonding cycle are shown in 
Figure 11. The samples were heated to the desired bonding temper-
ature, held isothennally for one minute, then cooled. A pressure 
(13) 
" 
of 13. 7 Kg/cm2 was maintained as the sample heated from room ambient 
to l50°C., at which temperature the pressure was reduced to O. 2 Kg/cm2• 
It was assumed that sufficient contact had been. made at the polymer-
metal interface by the time this temperature was achieved. It was 
found that maintaining high pressure at higher temperatures produced 
considerable extrusion of .the polyethylene from the periphery of t'he 
sample and resulted in erratic bond strengths. 
1'" Twenty four hours after bonding, the samples were trimmed to a 
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Tab'le IV. ·Results of regression analysis of data from th'e 
. oxidation kinetics experiment. 
Atmosphere 
Air 
So, (°C/min) 
3.0 X 1017 
7.6 X 1017 
I, 
30 
,· 
Q ± 2a· 
(Kcal/mole} 
38.0 ± 1.0 
41.0 ± 1.4 
. 
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1.88cm width, adhesively mounted -on a rigid plate as shown.in 
Figure 12, then the foil was peeled at 180° from the polyethylene 
on an Instron model 1102 tensile tester at a crosshead separation 
rate of 5 cm/min. A small piece of Teflon sheet had been inserted 
p 
at the end c)'f the sample prior to bonding to facilitate the i"nitta:ti~o.n 
o_f peeling. Peel testing, like other forms of a.dhesion testing, does 
not measure the forces of attraction between the two materials, but 
measures the adhesive joint strength, which is a function of the 
joint geometry and compl~ rheological ,factors. 48 The experimental 
bond strengths must therefore be interpreted in tenns of both adhesive 
interactions and the mechanical properties ·of the adherends. 
Four sets of data were taken, corresponding to the four copper 
foil treatments summarized in Table V. The resulting bond strengths 
as a function of ultimate bonding te1nperature for data sets l and 2 
are shown in Figure 13, and for data~sets 3 and 4 in Figure 14. 
Model for the Joint Strength Te~perature Dependence 
It is assumed that the total peel strength· Ptot can be resolved 
into a dispersion force component Pd and_ a component due to inter-
- facial oxidation P 0 , and that the temperature dependence of Pd is, 
negligible with respect to that of P0 , allowing Pd to be treated as 
I . 
a- constant: 
(14) 
' Figure 15 is a qualitative representation of ,the time and 
temperature dependence of th.e adhesion b.etween steel foil and 
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Table V. Sunmary_ of copper fo.il treatments. " 
Data Set 
l 
2 
3 
4 
•.....:..· 
·, 
'.•-:-l.· 
Treatment. 
The -- -fo i l was etc-hed , ·rinsed in water, 
blown dry with approximately 30°C air 
__ using a hand-held electric .air gun,· 
then bonded. 
As in l above, but placed in a dessicator 
(with Caso4 dessicant) for 72 hours prior to 
b9nding. 
The foil was chromated as described in 
Append.ix I , then bonded. { Ori ed as in l ) 
As in 3 above, but placed in a dessicator 
-(as in 2 aboYe) for 72 hours prior to 
bonding. 
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-- polyethylene as determined by l<alnin' et al. 20 P(T,t) is the 180° 
. . . 
peel strength as a function of bonding temperature T and bonding time 
t. They represented the time dependence of the peel strength by 
aP(T,t) = K(T)[P - P(T t)]n 
at max ·· ·' 
This equation. is the s.ame as -equati.on l discussed in tbe lntro-
ducti on. The order of reaction n for the polyethylene-etched steel 
. . . 
· 20 
system was found to be 1.8. 
For this model it is assumed that P0 (T,t) is a function P{T,t) 
of the type described in equation 15. In Appendix II it is shown 
that for n = l, the time-temperature dependence of the peel strength 
in equation 15 and Figure 15 can be represented by 
P(T,t) = Pmax[l - exp(-tK(T))] (16) 
' This expression for P{T,t) may be substituted for P0 (T,t) in. 
equation 14. K(T) is then determined by curve fitting the expres-
sion fo~ P0 (T,t) to experimental peel strength data. Table VI is a. 
list of the values used to determine K(T) for data set 4. Values 
for Pd and Pmax were chosen to be 70 and 880 gm/cm, respectively, 
based on the minimum and maximum values of the experimental data. 
The bonding time twas set equal to one minute. Figure 16 shows 
the results of this curve fitting. The six curves and peel strength 
ranges at t = l minute correspond to the six temperatures of increas-
ing bond strength for data set 4. 
. . .1 
By regression analysis it was determined that K'(T) can be 
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Table VI. Range of data set 4 peel strength values used to 
calculate K(T). It is assumed that Pd and Pmax are 70 and 
880 gm/cm, respectively. 
T, °C 
188 
209 
232 
255 
275 
298 
P tot (T ,_t), gm/ cm 
min 
133 
245 
431 
489 
638 
819 
max 
165 
277 
458 
521 
681 
873 
•: 
·-.#. 
40 
.. 
• m1n 
63 
175 
361 
419 
568 
749 
max 
95 
207 
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represented by · 
,· . 
.•. 
·, 
K(T) = K0 . exp(-Q/RT) 
......... , 
· where K0 = 4.75 X 10
5 min-I and Q =, 14.0 Kcal/mole. · Inserting 
this expression for K(T) into equation 16 results in the followfng 
relation for the time-temperature dependence of the bond stren·g·th: 
• 
P(T,t). =Pd+ Pmax[l - exp(-tK0 exp(-Q/RT))] 
. ' 
(18) 
This equa·tion is plotted as a function of temperature in Figure 17, 
assuming a constant bonding time of one minute. It is observed 
that this model fits the peel strength values of data set 4 very 
well. It must be recalled, however, that this data was used in 
part to derive the model, therefore the good fit can only be inter-
preted as ·indicating self-consistancy. The significant aspect of 
this model is the calculated value of ·the apparent activation energy 
· of adhesion, 14.0 Kcal/mole. 
. ,. .. 
. ..... 
. , 
42 
. . 
. ........ . 
. :,J' 
:-·.-:.r.~~ 
; .. ·.•;, 
. '. 
,. . 
. ?} 
! 
·' • 
' l 
~-' 
' ' 
'°t I 
!I , 
-·· 
. . . .. 
. .: '· 
' . 
•· ,. . 
. . ' 
• • 
. • 
.• 
,.•. 
- .. .._..;, .. ,· .......... , .... _,,,~ ..... , ...... 1 .... -...... .,_ ...... "·.·-···•'"•',_,.,,., • ..,•,,, ................. -·· _,. • •• ...._, . .,.~,.~-.,,.·~- ............ • ..... -, .... _...•._,_ ·.~ .... , ..... - ... ~ ••. ; •. _ ' .... --···-..: .• :1., .• "-,,-.. , ..... : = 
•• • • • 
•' 
• .. 
. 
. . 
... 
. ' . 
. . . 
' . 
'· ' 
... 
.. 
.. 
' . 
' . : .. 
' 
!' .. · 
• • • ~ j 
' . ' 
. . .,. . 
:. ·,, 
. . . ~ 
. ' ' 
', · ·. 1000 -------. -----. ....,...__....... 
'.,. · .. · ; 
' ' 
· e ·a. ,:·O.'·-·_'. ·o· · .: 
. -o 
_ · ' EQUATION 1 8------
. ~E 
. -
·C,, 
£ 600 
. 1--
(!) 
Z· 
UJ 
er: 
1---cn. 
_J 
w 
.W 
a_ 
400· 
20-0 
0 
,. 
. 
~DATA SET 4 
I 
. 200 250 · 300 350 
. BONDING TEMPERATURE , °C 
FIGURE 17 · 
,,. 
COMPARISON· OF EQUATION 18 WITH ·· 
t,ll.-;f 
. PEEL STRENGTHS OF DAT A S·ET 4 L 
~. -·· .. 
' 
,;_: 
,. ' 
43 
I 
/ . 
. .... 
. ,·'i, 
.j 
. \: 
' J 
( 
. ·-: 
' 
,.< 
,·) 
.. 
.', ·:;: 
·,· ·.:-}/J; 
•' ~ 
"')L 
·.:,J 
,·:l 
·] 
.f 
._:,: ,, 
·,} 
·.:_i 
• .-;! 
tl 
··'<'!-· 
.-: 
... '.'\ 
' , 1 
,., 
. . ~ 
!· 
. ::. _.;: 
.. _., 
..~ 
'.·.:u,i 
... .,.. 
... 
. ·.;;-
'J 
·:' ;. 
_,.-$· 
.. 
·' \ 
\ 
•· 
I 
. / . 
. .,-; . l. 
... f 
!'. 
., 
. ' 
.. 
· .. DISCUSSION OF· RESULTS . , 
·Bonding Studies. 
Differences in the adhesive properties of po]yethylene to 
copper, steel, and aluminum have been attributed by Belyi et a1 49 · 
to differences in the physicochemical composition of the polymer 
boundary layer at the interface. These compositional ·differences. 
are a result of the .varying catalytic behavior of these metals on. 
polyethylene oxidation. 49 Metallic copper in contact with poly-. 
ethylene is known to catalyze a strong increa·s in the rate of 
oxidative degradaticin of the polymer. 46 ,50 It is .ug~ted that 
the inability of polyethylene to forn1 a strong hot-melt bond to 
copper (Figure 13) is due to polyethylene degradation at the polymer-
. " 
metal interface. The chromate layer inhi·bits this degradation by 
acting as a barrier to direct copper-polyethyle-ne contact.. There is 
evidence to indicate that the chron1ate layer itself may have a 
catalytic effect on polyethylene oxidation, but not the degrading 
effect of copper. 51 
The large increase in the bond strength of the dessicator 
treated chromated samples (Figure 14) is attributed in part to the 
removal of water from the chromated surface. According to Bolger,22 
water can displace or interrupt dipole bonds for Type A interactions 
according to the equation: 
. ··.,. -~ .• 
.. 
(19) 
44 '' . 
.· ~ 
,· 
. . 
....... 
•Q,'. 
•/, 
.,,. 
. . . 
. 
·· and f,or Ty.pe ·e· interactions acc·ording to the equation: 
• 't .... J· 
I 
' 
-MOH• •-•XR + 2H20 .... c ---·>_ -MOH•• •OH2 + HOH•• •XR c_ (2(l). 
' 
. Th:is water displacement mechanism is a more detailed explanati-·o_n 
' 
of the humidity cycling phenomena observed by Bright and Malpass 17 
and discussed in the Introduction. Note in·· Figure l3 that removing · 
water from the etched copper surface.does not have the same effect 
. . 
. 
' . 
on bond strength as removing water from the chromated surface. This 
is attributed to differences i_n the c~t~lytic effects of the -two -
surfaces on polyethylene oxidation. 
Subsequent experiments have indicated that the high bond 
strengths achieved in Figure 14 may in part have been caused by 
carry-over from the ammonium persu.lfate etch. The possibility of 
carry-over occurring was detennined by measuring changes in the 
conductivity of distilled water with immersion of copper foil strips 
that were exposed to varying d·egrees of rinsing following ammonium 
persulfate etching. · It was not unexpected to find that the water 
conductivity increased w.ith decreasing rinsing of the etched foil. ., 
In a ·more direct experiment,· copper foil was purposely poorly 
rinsed, followed by .. the standard chromate treatment, then placed 
in a circulating air oven at l00°C for 15 minutes prior to bonding 
at 298°C. The resulting peel strength was in the range 900-1000 
gm/cm, slightly greater than that of the dessicator treated chromated 
samples bonded at the same te~per.ature, shown in Figure 14. Foil 
,45 
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~· 
rinsed very. thorough-ly following ·etching··~. th:en similarly chromated, 
dried, and bonded, was found to 'hav·e peel str~ngths in the range 450-
. 
500 gm/an, only half as large as 'the poorly rin~ed specimens, but 
slightly larger than the value in Figure 14 for the corresponding 
. sample of data set 3, not giv·en the dessicator treatment. 
Bright and Ma1pass17 showed that prewashing a high energy sub-
' 
strate with a· strong oxidizing ·agent can greatly ;··ncreas·e it·s bond 
,• 
strength to polyethylene. The use of ammonium· persulfate, which is 
a strong oxidizing agent, for the p'rebond treatment of polyethylene . 
is discussed in the Introduction .. It may ,be concluded that the 
removal of water from the chromated surface by dessicator treatment. 
or oven treatment results in improvement of the .bond strength, but 
the major contribution to the high values observed in Figure 14 was 
due to the presence of material carried over from the anmonium 
persulfate etch. 
~hromated Copper Surface Analysis 
0 A continuous chromate film of minimum thickness 25 A greatly 
exceeds the escape depth of copper Auger electrons below 100 ev. 42 
Figure 6 therefore indicates either that copper is structurally 
present within the chromate layer or that the layer is not.con-
tinuous. As described in the Introduction, there is evidence to 
indicate that the thin chromate layer consists of chromium hydroxide, 
or chromia gel, the latter term ·being _less· spe~ific with resp~ct to 
degeee of hydration. Changes in the specific surface and porosity 
of chromia gels have been the subject of several investigations. 52-54 
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· T·hese chan'ges, occurrintJ during dehydration,· may account. in part for· 
- the lack of continuity observed in the chromate film. The partial ·. 
disappearance of the chrom,ate film upon heating, i~dicated in Figure 
7, has also been observed by Haynes55 by heating chromated copper in 
air to temperatures in the range 293-315°C. This dissociation of 
· ·the chromate film is probably the cau-se of the d·ecrease in bond 
strength a·bove 29·a0 ·c for the dessicator_ ~reated chromated samp'1es. 
, 
A< 
< (Figure 14) Removal of the chromate barrier allows direct .poly-
ethylene-copper contact, resulting in interf.ac"ia l ·~deg.radati on o.f · the 
polymer and reduced bond strength. Material carried over from the 
etching soluti.on may affect the dissoci~tion reacti·on, but since no 
ammonium persulfate was used by Haynes55 , its presence is not re-
quired for the phenomena to occur. 
r Polyethylene Oxidation Kinetics 
. 
.. The activation energies listed in Table IV comp·are favorably 
with the value of 35 Kcal/mole published by Wilson. 56 He used 
Oxygen uptake measurements to detennine the activation energy for 
the oxi.dation of low-density polyethylene in the range .ll0-l60°C. 
An uncertainty exists in the activation energy data of this inves-
tigation due to the inability to determi.ne the relative amounts of 
thennal energy liberated during oxidation that heated the sample 
-
. 
and heated the atmosphere above the sample. If all the energy went 
iri'to _heating the sample, the slopes would have been higher. .Since 
the heat flow to the atmosphere· above the sampl,e would increase ~s 
the temperature differential between the samp·l e and the atmosphere -
47 
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increa~ed, the slopes at the·_hi.gh temperature ·e,-d of the· Arrhenius ... 
plot in Figure 9 would be displaced the greatest.· The true acti-
. vation energy for the ox·idati9n of DFDA-0166 may therefore ·be. 
. -
slightly larger tha·n the values· 11ste·d in Table IV_. 
Bond Strength r~odel 
. 
,, 
' 
The apparent activation energy_ for the.~tem.perature dependence 
of the bond strength was calcu-lated to b·e 14.0 ·Kcal/mole. This 
value is significantly lower than the activation energies for 
,, ,, . 
. :y .. polyethyl~ne- oxidation determined in this investigation (Table IV), 
however, Myers57 found an activation energy of 16 Kcal/mole for 
carbonyl formation in polyethylene oxidized by milling on hot 
metal rolls. It is suggested that the chromated foil or m~terial 
carried over from the etch may have catalyzed the oxida·tion and 
~duced the activation energy. 56 This model then suppo~ts the 
hypothesis that the increased bond strength exhibited by the 
... dessicator treated chromated samples is due to interfacial oxidation · 
of the polyethylene, catalyzed by the chromated foil ,surface. The 
source of oxygen for this reaction may be gas adsorbed on the polymer 
or ·substrate or gas dissolved in the polymer. 
. ., 
.. 
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SUMMARY OF CONCLUSIONS : : ' . 
. . 
.. 
~ . . 
'• 
_, C 
The adhesion of low-density polyethylene. to cathodi~ally 
' 
. 
chromated copper can be .. adversely affec·ted by the presence 
of water at. the tnterface during · b.ond~ng. Drying of the 
chromated surface by dessi.cator treatment or warn1 ci-rculated 
air prior to b.ondi.ng apparently removes water by dehydr~tion 
of the chromate film and allows the fo.nnation of stronger. · 
' 
. 
adhesive bonds. .. 
2. The 1 ack of conti.nui~y of the cathodic chromate layer as . 
observed by Auger, Electron Spectrosco.py may be attrtbuted 
to changes in the surface area and porosi.ty which occur 
. during dehydrati_on of the fi.lm, based on evidenc~ that the · 
film may consist of chromium hydroxide of unspecified ~egree 
of hydration. 
3. The chromate layer can dissoci.ate at ·h_~tgb. bondi_ng temperat_ures, 
resulting in difect polyethylene--c.opper contact and decreased 
b.ond stre_ngth due to i.nterfaci.al ~egrad_ation of the polymer. 
4. The fonnation of a strong adhesive bond between low-density 
polyethylene and cathodically chromated co.pp-er requi~es 
controlled interfacial oxidation of the polymer. The source 
of oxygen for this reaction may be gas adsorbed on the polymer 
or substrate or gas dissolved in the polymer. The exact ~ 
. . 
. 
., . 
·- / 
.•.,. 
.. . ..... , ) .. 
mechanism by which oxidation increases bond strength is unknown. 
The most prob_able contributions -are (l) cross-lin~ing due to 
j . . 
. :· .-J, 
;.;i:• 
-ti'··'· 
I, • 
. ·-.'':;, ,..:' 
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the direct combina~ion of free radicals fonned during 
.. 
oxidation,. increasing the cohesive strength of the poly-· 
~thylene near the interfaG,,e and effectively reducing. the 
stress concentration due to the differences in the mechanica,l 
properties of the adherends, and (2) increased polarity atthe 
p·olymer -surface due to the presence of carbonyl and hydroxyl 
groups, increasing attractive forces .at the interface. · 
,'. 0 5. The hot...:rnelt bond strength of low-density polyethylene and 
cathodically chromated copper may be significantly increased 
by the presence at the interface of a small amount of a strong 
oxidizing agent. {Based on the results of Bright and Malpass17 
and the results. of carry-over from the ammon_ium persulfate etch.) 
\, . 
6. The water displacement mechanism of Bolger21 ,22 predicts that 
the strength of the adhesive bond fanned between low-density 
polyethylene and chromated copper should decrease u-pon exposure 
to water vapor. The results of Bright and Malpass17 indicate 
that, to a certain degree, this reduction sbould be reversible. 
Environmental· testing of these adhesive joints should therefore 
be bas~d. on the rate of decrease of bond st~ength instead of 
absolute failure. The acceptable minimum joint strength, 
. 
. 
tim.e, temperature, and humidity conditions should be empirically 
detennined. 
7. The activation energies for the .. autoxidation of DFDA-01:66 low-
.. ~· ' density polyethylene in oxygven and air· were detennined by 
:-. ,/ 
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differential scanning calorimetry to be 38 and 41 
respectively. 
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. , . P'ROPOSED' · FUTURE EXPE'RIMENTS 
,, 
The results of this investigation suggest the need for 
fu.rther study of,, the following topics: 
8:,. ,. 
1. -Further effort should be made to characterize the nature .of 
· the chromated _,copper s.urface. Auger analysis has been use·d 
with some success; ES·CA woul·d· probably yie]d signi'f·icantly 
more infonnation, since this te.chnique allows determination 
of the valence state of the :observed atomic _species. An 
effort should also be made to specifically determine the 
cathode reaction in the chromate process. -such ·knowledge 
may then all ow modi fi cation of the process to depo.s it a 
thicke·r and more uniform film. 
' ' ' 2. · Since the polyethylene used in waveguide application contains 
antioxidant, the effects of antioxidant concentration on the 
p 
formation of a hot-melt adhesive bond betwee~ lo~-density 
d 
polyethylene and chromated copper should be investigated.. It 
is suspected that the addition of subcritical amounts of 
antioxidant may shift the required bonding temperatur~s upward 
,due to inhibited oxidation rates at the lower temperatures. 
' 
'! 3. An investigation ~hould be conducted to detennine the optimal 
drying conditions for the chromated copper surface. It has 
been shown that the dehydration conditions can significantly 
. 
'" 
affect the specific surface and porosity of chromia gels~ 52 •53 
These conditions\ may similarly affect the contin.uity of the 
•. 
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chromate film .. · The cont.inuity· of the chrol11ate f;Jm·.may in 
turn affect hot-melt bonding to polyethylene. 
4. It should be possib~e to impro~e the adhesive bonding of 
... 
low-density poly,thylene to chromated copper by mOdification 
of the po_lymer surface by one· of the prebond._ treatments 
discussed in the Introduction. Selection of the optimal 
treatment would require not only an evaluation of the effec~s 
of the treatment on adhesion phenomen~, but must include an· . 
,. evalwation of .the effects of the ·treatment on the loss 
. 
' . 
' 
. ' 
tangen·t of the· polyethylene, a factor of great importance for 
waveguide application. 
. 
5. It has been shown that the presence of a.small amount of 
a strong oxidi·zing agent on the surface of a high energy sub-
• 
strate can significantly improve the hot-melt bonding of 
polyet~lene. 17 It is suggested that pr~ashing the dried. 
chromated copper surface with dicumyl peroxide17 solution 
would achieve this result. A typical solution for such 
application would be 0.25% dicumyl peroxide in a suitable 
hydrocarbon solvent. Residual solvent would be removed by 
warm circulated air or vacuum application. The feasibility 
. . 
of placing such a coating on the chromated surface should be 
· investtgated, with consideration given to_ the effects of this 
treatment -on el ect'ri cal losses at the bonded interface. 
l) 
' 6. An. investigation should be c_onducted to empi-rical ly d.ete,nnine ., 
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" the· p·roper testing specifications for the· environmental 
" 
. 
· ···· · .. , .. ,·::-. · ~ ·. : · testtng discuss.ed in conclusion number 6. This detennination 
..,. 
would require the statistical analysis of the data of large 
numbers of destructively tested polyethylene-chromated copper 
jo·i nts that were prior exposed to· varying temperatu"re a·nd-
humi dity conditions. Limits could then be set for the · 
absolute minimum peel strength and the maximum acceptabl·e 
rate of bond strength decrease ynder set·temperature"and · 
humidity condition~. I' 
· 7. An attempt should be made to use the water displacement 
:I 
. · 21 22 
. . . mechanism of Bolger ' to separate the polar component of 
the total adhesive interaction from the mechanical component. 
Whereas the polar component should decrease upon exposure to 
water vapor, the mechanical component should remain relatively 
unaffected. 
\ 
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APPENDIX I - ...... 
... . :· 
The catho·dic chroma-te treatfltent described b·elow is the 
· procedure reconmended by Vazirani: 12 
1. Vapor degrease, if grossly oily~ 
.. 
2. 30 second etch in concentfated H3Po4:concentrated HN03: 
H2o mixed in the ratio 75:10:15 • 
.3. Rinse with water. 
\ 
4. Immerse in 20% NaOH at 200°F for. 5 minu_tes. 
5. Rinse with water.· 
6. Immerse in a room temperature aqueous solution of 3% by 
weight each of sodium chromate, sodium citrate, and sodium 
carbonate. Make-the part cathodic at 10-43 ma/cm2 current 
density for one minute using stainless steel. a·nodes. No 
agitation is necessary. 
7. Rinse in water. 
) ... t 
' 
The following version of the above treatment·was used in 
" 
_ this invest_igation: 
1. Oxidize the O.F.H.C. copper foil in air at 300°C •. 
2. -Remove surface oxides by immersion in 5Q% aqueous HCl at 
room temperature for· 15 seconds. 
3. Rin~e in running water. 
4. Etch at room temperature for 2-minutes in a 20% aqueous 
solution of ammonium persulfat~. 
() 
5. Rinse in running.water. 
. ; 
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· · · 6. Same as step 6 above, at a current density of 17 ma/an2• 
•. .,.. 
7. Rin~e in running water. 
8.. Blow dry with clean, oil-free air. 
· .. Step 4 · in the procedure reconmended by Vazirani is requir,ed 
I 
'Only- for low. copper alloys; step 2 is used to remove surfa·ce- · _· 
oxides. The substitution of steps 1-5 in the procedure used- in· 
this investigation for steps l-5 in the reconmended procedure 
.. 
should hav~ no sign·ificant effect on the deposition of the_ 
chro~ate layer in step 6. 
-
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Equation 15 represents the dependence of.peel -strength· on 
bonding time as described by Kalnin' et al :20 .. 
a·p (T, t ) ( ) [ · ( )J n 
. at . = K T P max - P T, t ~ . 
where K{l) is the tempera_ture dependent r'a'te constant, P max is 
the peel.strength corresponding ·to the maximum number of inter-
facial bonds, and n is the order of reaction. If n is set equal 
to one, equation· 15 ma/ be rewritten as: 
- at = K(T) Pmax - P(T,t) 
. 
This may be simplified to: 
- d ln(Pmax - P(T,t)] = K(T)dt. 
. 
. 
Integrating botQ. sides of the equation: 
- ln[P max - P(T ,t)] = K(T)t + C 
a At t=O, P(T, t) = 0,. therefore, the· integration constant 
C = - lrirP J. Equation 23 may then be restated as: r n1ax 
P(T, t) = P max[1 · - exp(-K(T)t)J 
. . 
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